Carbon has the unique capability of forming a variety of interesting materials exhibiting extraordinarily different physical and chemical properties. Fullerene, carbonnanotubes, graphite, and diamond are examples. Experimentally, it is known that harsh treatment such as electron irradiation [1] , ion bombardment [2] , or plasma oxidation [3] is necessary to create defects in these systems. This has led to the common belief that uncontaminated carbon materials have low defect concentration and that they are more or less chemically inert. In conflict with this view, experimental work recently revealed that certain carbon structures can be catalytically active [4, 5] . The atomic structure of this novel catalyst material is still unknown, but there is evidence that the material has a nanoporous structure. Such nanoporous carbon (NPC) constitutes an intermediate class of carbon materials which are less ordered than graphite, but still not completely amorphous. There exists a variety of NPC materials and the actual structure depends on the preparation conditions and the starting material. In this Letter we concentrate on NPC derived from hydrocarbons and transmission electron microscopy (TEM) studies showing that NPC produced by arc discharge [6] or carbonization of sucrose [7] takes the form of fullerene fragments. Neutron diffraction experiments [8] indicate that pyrolysis of Polyfurfuryl alcohol (PFA) provides NPC in the form of curved, defective graphene sheets. Corresponding simulations [9, 10] reveal that it is necessary to include nonhexagonal rings in the model to obtain reasonable agreement with the neutron diffraction data. This suggests that there are distinct motifs present in most forms of NPC although the overall structure of these materials might be quite different.
We have therefore made a detailed theoretical study of motifs that have been suggested to appear in NPC materials [6 -10] . We define these motifs in terms of combinations of nonhexagonal rings that appear due to defects in the graphene lattice. The aim is also to generalize the understanding of how defects affect the properties of sp 2 bonded carbon networks present in graphite, fullerenes, and nanotubes. We find that motifs derived from vacancies are the most likely candidates to control the material's chemical properties. The heat of formation H NPC for this model of NPC is comparable to, or even more favorable than, that of carbon nanotubes even when the concentration of these motifs is as large as 1%. We furthermore find that these motifs introduce a defect state close to the Fermi level. This can lead to charging and facilitate the dissociation of approaching molecules.
We used density-functional theory (DFT) [11, 12] together with the generalized gradient approximation for the exchange-correlation functional [13] . Two different computer codes were employed to ensure that there are no numerical artifacts, in particular, when dealing with strained and charged systems. The FHI98MD code [14] uses norm-conserving pseudopotentials and a plane-wave basis set with an energy cutoff of 50 Ry. The DMOL 3 code [15] is an all-electron code with atom-centered, numerical basis functions that are cutoff at 12 bohr. Both codes gave essentially the same lattice parameter for graphene, a 2:46 A, with a difference below 0.01 Å . We modeled the motifs as defects in a graphene sheet by a supercell approach. The rectangular unit cell of graphene [cf. the dashed line in Fig. 1(a) ] has been extended 4 7 times such that the supercell contains 112 atoms for perfect graphene. The sheet separation is 17 Å , which ensures that the sheet-sheet interaction is negligible. The Brillouin zone was sampled with a 6 6 1 mesh. The lattice parameters were varied to study the effect of strain, and the atomic positions were relaxed until the maximal force/atom was smaller than 0:02 eV= A. The formation energy of a structural motif is
where E G and E motif refer to the total energy of a graphene sheet before and after the defect is created, n C denotes the number of C atoms that has been exchanged with the reservoir C , q is the charge state of the defect, and F is the Fermi level in the system. Charged defects were calculated using a compensating jellium background, which was estimated to give a less than 0.1 eV error contribution to the total energy.
Small defects in graphite such as C adatoms [16, 17] , the 5-7-5-7 defect [called Stone-Wales (SW) defect [18] ], and the single vacancy [2, [19] [20] [21] [22] [23] [24] have been studied extensively. Larger defects have been considered in the context of radiation damage [25] and nonhexagonal rings as the origin of negative curvature in Schwarzites [26, 27] . However, defects have not been studied in connection with the chemical properties of NPC previously.
Our calculations reveal that the atoms in the neighborhood of a vacancy rearrange to reduce the number of dangling bonds as can be seen in Fig. 1 . Incomplete hexagons transform into irregular pentagons and the atoms surrounding the vacancy rebond into a large vacancy ring containing N ring atoms. The bond lengths in the vacancy ring vary between 1.42 and 1.8 Å , and are thus up to 30% longer than in perfect graphene. This reflects that the bonds in the vacancy ring are strained and weaker than in a pure sp 2 hybridization. The atomic relaxations at defects consequently result in the formation of motifs, which are combinations of nonhexagonal rings. The bond angles do in general not sum up to 360 at vertices where there are nonhexagonal rings present. The carbon atoms can compensate for this deviation either by adjusting the bond angles or by bending the lattice when the deviation is larger. The relaxation therefore leads to extended rearrangement of the atoms surrounding the defect, which broadens the calculated radial distribution function (RDF). This supports the interpretation of the neutron diffraction measurements of NPC that the strong deviation compared to graphite originates from nonhexagonal rings in the structure [8] . Euler's rule [26] gives a relation between the number of nonhexagonal rings in the lattice and the character of the surface in terms of the topological genus g. A fullerene of g 0 has 12 pentagons, as an example. We can furthermore derive a condition for the combination of nonhexagonal rings, which states that the genus of the surface is preserved when the number of excess atoms in the vacancy ring equals the number of surrounding pentagons:
We can now divide the defects in Fig. 1 into even and odd defects. The even defects in the right column are fully rebonded and conform to Eq. (2) . Within the limitations of the supercell approach, the even defects are therefore just locally buckled around the defect. The odd defects in the left column have one remaining undercoordinated C atom after relaxation in a configuration similar to the atoms on the zigzag edge of the graphene sheet. These ''zigzag'' atoms shorten the bond length to the two neighboring C atoms by approximately 0.05 Å and have a remaining dangling bond. The Jahn-Teller distortion observed at the single vacancy [19, 22, 24] is therefore a special case of the symmetry-lowering rebonding relaxation at the odd vacancies.
Comparing the formation energies for the odd and even vacancies, which are summarized in Fig. 2 , indicates that the remaining zigzag atom at the odd vacancies is highly unfavorable. The odd (2m ÿ 1, m integer) and corresponding larger (2m) even vacancies have nearly the same formation energies in the region where C is close to the value in graphene (cf. the V1 and V2 in Fig. 2 ). This indicates that the zigzag atom can be removed without any energy cost forming the next, larger, even vacancy during growth in a graphitic environment.
A somewhat puzzling aspect for describing NPC is that the formation energies of all defects considered here (cf. Fig. 2 ) are so large that the equilibrium concentration is completely negligible. However, it is well known that free energy barriers are significant in carbon systems and that fullerenes or nanotubes are in fact just metastable structures in comparison to graphite. Nevertheless, all these forms of carbon have a considerable lifetime. Thus, we will compare the heat of formation of NPC to that of nanotubes assuming that the NPC material resides in a metastable state once it has been created. We are here modeling NPC as graphene sheets with a varying amount of motifs of the type shown in Fig. 1 . These motifs can be considered to have formed during the growth of the mate- rial due to lattice mismatch or evaporation of noncarbon atoms. The heat of formation of NPC, H NPC with a certain concentration C i of motif (i) is
where H G is the heat of formation per atom for graphene and E i form G C is the formation energy of the defect in graphene. The inset in Fig. 2 shows that our NPC models with a concentration of motifs up to 1% yield H NPC comparable to single wall zigzag nanotubes. It is also lower than the P8Bal structure, which is reported to be the most stable of the Schwarzite models for NPC [27] . This indicates that a graphene sheet can have a moderate amount of voids, such as the motifs in Fig. 1 , and still be metastable as long as the barriers towards graphitization are large enough. This is in agreement with the conclusions from TEM [6, 7] and neutron diffraction experiments [8] that NPC derived from hydrocarbons has the form of defective graphene sheets.
These motifs have a significant influence on the electronic structure of NPC, such that new states appear, which are not present in the density of state (DOS) for pristine graphene. The absence of atoms in the void and the atomic rearrangement perturb the alignment of the p z orbitals forming the band. This splits off a p z state from the band as can be seen as an additional peak in the DOS close to the Fermi level in graphene G F for all the motifs considered in Fig. 3 . The wave function for this p z state is semilocalized around the motif and it has the largest amplitude on the C atoms surrounding the void. The motifs derived from odd vacancies have in addition a dangling bond (DB), connected to the undercoordinated zigzag atom. The DB state appears in the band gap between the occupied and unoccupied band. The DB state is therefore localized to the zigzag atom and becomes completely spin polarized. The DB state is clearly visible in the DOS for the V1 motif in Fig. 3 as a peak in the spin-up channel, 1 eV below G F . We have also observed a similar DB state connected to the zigzag atom at other odd motifs such as the V3 and V5.
The integrated difference DOS in the lower panel of Fig. 3 reveal that the defects change the population of the electronic states such that the additional states are occupied at motifs derived from vacancies. Comparing the upper and lower panel indicates furthermore that these additional electrons are trapped in the p z -state. Hückel calculations also indicate that an extra electron is associated with a single vacancy [21] . We have therefore made a charge state analysis of the even motifs shown in Fig. 4 . This reveals that the intrinsic charge state of the SW motif is neutral, while the motifs derived from vacancies would be negatively charged. This can be connected to the gradual low- 2 (color online) . Formation energies, E form , for defects in a graphene sheet as function of C C ÿ 1=2E C 2 . The right limit is the free C atom at T 0 K and the left limit is C of graphene at T 0 K. The vertical line at C 0 corresponds to the energy of a carbon atom in a C 2 molecule at zero temperature. The labels refer to the SW defect, and the vacancy (V1) and vacancy clusters (from V2 to V6). The inset shows the heat of formation/atom of NPC compared to graphene: H H NPC ÿ H G as function of the defect concentration. The horizontal lines give H for three zigzag nanotubes of different diameters 7; 0, 10; 0, and 14; 0 and the P8Bal model of NPC [27] .
ering of the energy for the p z state. Figure 3 shows that the p z state is unoccupied at the SW motif, while it coincides with G F for the V2 motif. Our calculations also show that the p z state lies completely below G F for the V4 and V6 motifs. The charging of these motifs agrees with the STM observation of an increased signal around vacancies in sputtered graphite [2] . Additional STM measurements show that charging of graphite by Cs doping increase the reactivity towards oxidation [28] , which suggests that the local charging of the motifs would increase the reactivity towards electronegative molecules such as oxygen. The motifs are also more receptive to adsorption because the strained bonds in the vacancy ring are weaker than the bonds in the basal plane. An increased activity of the motifs agrees also with the observation that O 2 molecules preferentially dissociate at vacancies in graphite [3] .
In summary, our results together with previous simulations [9, 10] and experimental work [6 -8] suggest that NPC, or at least regions of it, can be described in terms of graphene sheets with voids frozen in during the growth phase of the material. Atomic relaxation forms a combination of nonhexagonal rings that leads to a local buckling around the motif. The heat of formation for this model of NPC is comparable to that of single-wall nanotubes, which indicates that NPC will be metastable as long as the chemical environment is gentle enough to prevent graphitization or burning. We propose that the increased chemical activity of NPC is connected to these motifs. The additional charge at the motifs can assist the dissociation of adsorbing molecules and it is easier for the molecules to attach to the atoms around the void. The dissociative adsorption of molecules such as oxygen could in turn modify the chemical properties by forming functional groups, which is the subject of a further study.
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